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1.0 Abstract 
Transient storage has been used to quantify catchment-channel interactions, and 
more recently, as a proxy of ecosystem health in river restoration schemes. 
However, the impact that river restoration has on transient storage is not well 
studied. A key area that has not been extensively studied is the effect river 
restoration has on surface-subsurface interactions, and the evolution of these 
processes once restoration is completed. This study aims to quantify the effect 
that river restoration has on transient storage in order to understand how a river 
responds to restoration efforts and to make recommendations for future 
restoration schemes. The study site located on the Swindale Beck in Cumbria, UK 
comprised of three realigned reaches and one non-realigned reach. A conservative 
salt tracer injection (NaCl) and modelling approach was used to quantify transient 
storage. Breakthrough curves of the tracer were used in conjunction with the One-
Dimensional Transport with Inflow and Storage model, OTIS, to estimate reach 
hydrodynamic parameters. These parameters were input into the modified OTIS 
model, OTIS-P, to calculate the transient storage metrics. These metrics were used 
to quantify transient storage after one month and after one year after restoration. 
In conjunction with transient storage data, UAV derived photogrammetry of the 
channel allowed for changes in geomorphological features, channel length, 
bankfull depth, and width to be quantified. The transient storage metrics describe 
that residence of channel water time in storage and the length of the storage zone 
was lower in realigned reaches compared to non-realigned reaches. Storage zone 
exchange flux and hydrological retention factor show a higher value in the 
realigned reaches compared to the non-realigned reach. This suggests that the 
realigned reaches are dominated by rapidly exchanging surface storage, whereas 
the non-realigned reach was dominated by much slower subsurface storage. A 
conceptual model is proposed in order to better understand how river restoration 
affects surface-subsurface exchange within realigned and non-realigned river 
reaches.  It is suggested that the removal of the reinforced banks however, would 
allow the channel to return to a state of dynamic equilibrium as floodplain access 
is realigned and natural channel progression can being to occur.   
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2.0 Introduction 
2.1 River Restoration Background 
River restoration is typically undertaken within degraded riverine systems in order 
to improve geomorphic, hydrologic, and ecologic processes that have been 
negatively influenced by human activity (Wohl et al., 2005). Restoration may also 
focus on aesthetic or recreational improvements (Bernhardt and Palmer, 2007) 
disregarding geomorphic, hydrologic, and ecologic functions. This  can be 
achieved through the reintroduction of removed elements of the natural system 
and the alteration or removal of compromised components (Beechie et al., 2010, 
Palmer et al., 2016, Roni et al., 2008, Wohl et al., 2005, Wohl et al., 2015). Common 
river restoration goals include; bank stabilisation, channel reconfiguration, 
weir/dam/bridge removal, reconnection of the floodplain, habitat improvement, 
and species management (Wohl et al., 2015).  Typically, a variety of restoration 
techniques will be used during the restoration of a waterway.  
River restoration techniques can be split into two key categories; form-based, and 
process-based (Wohl et al., 2015). Form-based restoration encourages the 
alteration of the stream channel in order to improve conditions (Wohl et al., 2015), 
such as step pools and woody debris introduction, bank stabilisation, and channel 
reconfiguration. Conversely, process-based restoration focuses on the restoration 
of the hydrological and geomorphological function. This includes improving lateral 
(channel to floodplain interactions), longitudinal (along the stream), and vertical 
(surface-water to ground-water interactions) connectivity, as opposed to focusing 
primarily on the channel’s form (Wohl et al., 2015). Improvements to connectivity 
can be made through the removal of restrictions such as dams, reinforced banks, 
and bridges. One of the key advantages of process-based restoration is that the 
channel is allowed to naturally return to a state of dynamic equilibrium compared 
to form-based restoration where the channel is designed (potentially incorrectly) 
for the river (Lave, 2009). Due to the complexity and uniqueness of riverine 
systems, it is difficult to estimate how long a restoration project will need in order 
for the water body to reach a pre-degraded state (Bash and Ryan, 2002, Bernhardt 
et al., 2005). To combat this, form-based and process-based methods may be 
coupled in order to accelerate the restoration process, as the form-based process 
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provide short term restoration and the process based restoration ensures the 
channel improved conditions in the long term (Wohl et al., 2015). 
Several studies have found that many river restoration schemes, typically form-
based, tend to ignore vertical connectivity, which has been cited as the key failure 
of many river restoration schemes (Knust and Warwick, 2009, Kurth et al., 2015). 
Vertical connectivity is an important factor concerning riverine ecosystem 
sustainability and water quality, as it is the pathway upon which water travels from 
the surface into the subsurface, and consequently, into the hyporheic zone 
(Kondolf et al., 2006). It has been shown by Harvey and Bencala (1993) that an 
increase in hydraulic head gradients and variation in streambed topography and 
permeability vastly improve vertical connectivity. Installed submerged structures 
such as boulders and woody debris along with riffles and boulder steps  induce 
areas of downwelling creating a hydraulic head gradient across the feature 
(Harvey and Bencala, 1993). The hydraulic head facilitates the movement of water 
into the subsurface and subsequently into the hyporheic zone. This temporary 
withholding of water within the channel subsurface is known as subsurface 
storage. In addition to subsurface storage is surface storage zones, this includes: 
dead-end channels, pools, and wetlands (De Smedt et al., 2005, Ensign and Doyle, 
2005, Runkel and Chapra, 1993). This surface and subsurface temporary 
hydrological retention of river water separate from the main channel is referred 
to as transient storage (Ensign and Doyle, 2005). 
2.2 Transient Storage 
The first comprehensive model of transient storage was described by Bencala 
(1983) and was used extensively to quantify both channel hydrodynamics and 
processes such as nitrogen, phosphorus, and carbon cycling (Runkel, 2002). The 
transient storage model consists of two theoretical areas: the main channel and 
the storage zone. The former is the portion of the stream in which the dominant 
transport mechanics are advection and dispersion. The latter is the movement of 
a molecule downstream by the main channel flow, whilst dispersion is related to 
all constituents within the water flow. The storage zone is defined as the area of 
the stream that contributes to transient storage (Runkel, 2002), this is an 
extremely simplified explanation of the storage zone which is not a single entity, 
but multiple much smaller storage zones (Becker et al., 2013, Choi et al., 2000). 
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Transient storage includes the exchange of main channel flow with subsurface 
hyporheic flow and surface water dead zones (Fernald et al., 2001, Gooseff et al., 
2003) through a process known as hyporheic exchange. Hyporheic exchange is 
driven by hydraulic head gradients between a stream and the streambed. The 
hyporheic zone is defined as a subsurface flow in which surface water and 
groundwater interact, mix and can return to the main channel.  
Hyporheic exchange is an important component concerning transient storage due 
to variation in residence time, soil chemistry, microbial populations, 
anthropogenic effects, and aquifer properties compared to the main channel 
(Boulton et al., 1998, Runkel, 2002, Knust and Warwick, 2009). Transient storage 
lowers water velocity allowing for increased contact time of dissolved solutes and 
biogeochemically active sediments within the hyporheic zone (Runkel, 2002, Knust 
and Warwick, 2009). Biogeochemical refers to chemical changes driven by 
biological factors such as microorganisms within the subsurface such a nitrogen 
fixing bacteria, and geological factors such as sediment and minerals. Dissolved 
solutes undergo biogeochemical transformations, (Bencala et al., 1984, Constantz, 
1998, Harvey and Fuller, 1998, Duff and Triska, 1990, Hill et al., 1998, Jones Jr et 
al., 1995, McMahon and Böhlke, 1996), within the subsurface, causing nutrients 
such as nitrogen, sulphur, and carbon to become more bioavailable. The presence 
of both oxidation and reduction reactions simultaneously taking place within the 
hyporheic zone are what make the hyporheic so biogeochemically active (Runkel 
et al., 2003).  
2.3 Measuring Transient Storage 
The transient storage model first described by Bencala (1983) has been used 
comprehensively in order to quantify both hydrodynamic and biogeochemical 
processes (Runkel, 2002) both of which are paramount for river restoration. 
Transient storage is typically measured using a conservative salt tracer of either 
Sodium Chloride or Sodium Bromide diluted with channel water. The tracer is 
injected into the channel and the time in which it travels across two known points 
downstream is recorded. A graph of time against concentration is plotted, known 
as a breakthrough curve or an advective/dispersive curve. This data is input into a 
transient storage model in order to quantify channel parameters and transient 
storage metrics. The simplest way of quantifying transient storage is using a 1D 
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(one dimensional) transient storage model. This method requires the solute mass 
to be uniformly distributed over the cross-sectional area of the channel, i.e. well 
mixed. However, this uniformity is rarely seen in nature, thus, only provides an 
assumption of channel parameters (Runkel and Chapra, 1993). In reality, the 
solute tracer is partially attenuated due to some tracer entering the transient 
storage zone (Runkel and Chapra, 1993). Therefore, two separate storage zones 
are considered. The first zone is the main channel and the second zone being the 
storage zone. The main channel zone processes influence solute concentrations, 
such as: transient storage, advection, dispersion and lateral inflow (Harvey et al., 
1996). The storage zone includes areas such as recirculating pools, hyporheic 
zones and dead-end pore spaces (Bencala, 1983, Castro and Hornberger, 1991). 
These zones are connected mathematically using an exchange term that behaves 
as the mass transfer between both zones (Runkel and Chapra, 1993). 
The first study to calculate a numerical relationship for the temporal movements 
of a transitional storage model was by Hays et al. (1966). This relationship was 
refined in a study done by (Nordin Jr and Troutman, 1980), which looked at a slug 
tracer released into a uniform channel. In this study, closed-form expressions 
(expressions that calculate a finite number of calculations) were published for the 
first-to-third temporal movements as derived from a Laplace transform of the 
transition storage equation put forward by Hays et al. (1966). Salt tracer injections 
coupled with 1D modeling allow for the interpretation of the transient storage 
zone’s cross-sectional area and the transient storage exchange coefficient (Fernald 
et al., 2001). The most common modeling concept assumes a first-order mass 
exchange (this is an equation which links reaction rate with concentration), 
proportional to the difference in solute concentration between the main channel 
and the storage zone (Bencala, 1983, Bencala et al., 1990, Czernuszenko and 
Rowinski, 1997, Hays et al., 1966, Nordin Jr and Troutman, 1980). (1993) 
presented an implicit finite difference approximation for first-order mass 
exchange in the main channel and storage zone. This led to the development of 
the OTIS, which is one of the most used models in this field. OTIS stands for, One 
Dimensional Transport and Storage with Inflow and Storage model developed by 
Robert Runkel of the USGS in 1998 (Runkel, 1998). The OTIS model is a 
mathematical simulation, which describes the outcome of water-borne solutes in 
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both streams and rivers (Runkel, 1998). The model uses executable binary files 
that are configured to invoke the ANSI standard FORTRAN-77 compiler under the 
default optimisation, to calculate transient storage parameters from data located 
within the associated directories (Figure 1). The directories contain transient 
storage parameters, downstream conductivity measurements, and model 
parameters which can be manipulated using a text and source code editor in order 
to improve the model. The model and associated documentation is available for 
free on the USGS website (https://water.usgs.gov/software/OTIS/). 
 
Figure 1: OTIS/OTIS-P Directory and Executable structure (Runkel, 1998) 
2.4 Transient Storage Model Limitations 
The use of advection-dispersion equations to give an output of the mean 
hyporheic resistance times is related to the temporal length of the experiment, 
thus limiting transient storage calculation over a short time period. A similar issue 
was found by Gooseff et al. (2003), whereby the modified advection-dispersion 
equations assume that the residence time of water in storage within a channel is 
exponential, thus limiting any attempt to understand the solute arrival time of 
sub-stream locations via hyporheic flows. However, some studies have used 
residence time as a method of characterising hyporheic exchange (Haggerty et al., 
2002, Wörman et al., 2002). These studies explain that this method is superior 
when compared to the advection-dispersion equations as the residence time 
distribution fits a simulated breakthrough curve similar to advection-dispersion 
but is not bound by the exponential residence time issue. It is clear in the literature 
that the storage zone is simplified to be considered a single large entity rather than 
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numerous smaller ones. However, a single large storage zone does not accurately 
describe transient storage (Becker et al., 2013, Choi et al., 2000). Limitations with 
the OTIS model must also be addressed; the most prolific issue with the OTIS 
model with regards to accurately modelling transient storage is that the 
interaction between channel flow and sub-channel flow is not clearly specified (Lin 
and Medina Jr, 2003). 
2.5 Aims and Objectives 
This study aims to quantify transient storage in both realigned and non-realigned 
reaches of the Swindale Beck in the Lake District, in order to determine the 
effectiveness and impact of river restoration from an ecosystem functioning 
perspective. The objectives of this study are as follows: (1) to quantify spatial 
patterns of transient storage both realigned and non-realigned reaches of the 
channel; (2) to quantify temporal patterns within realigned and non-realigned 
reaches from 2016 to 2017; (3) and to develop a conceptual model of transient 
storage to better understand the effects of river restoration and to aid in the 
development of future river restoration schemes. 
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3.0  Methods 
3.1  Study Site 
3.1.1 Swindale Beck Location and Catchment 
The river reaches used in this study were situated in the Swindale Beck in the Lake 
District, UK (Figure 2), and leased to the Swindale Farm. The catchment of the 
Swindale Beck consisted of a volcanoclastic sandstone and igneous andesite 
bedrock originating from the Borrowdale Volcanics. The bedrock was covered with 
Figure 2: Swindale Beck topographical location within the Lake District. This map includes two 
towns and a city in order to provide context to the location of the Swindale Beck. Note the high 
elevation of Swindale Beck compared to the rest of the Lake District. 
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devension diamicton, which were cultivated into agricultural grazing land. The 
river valley was a symmetrical V shape with the valley sides being elevated 100m 
higher than that of the valley floor with an angle of between 20 – 50 degrees. The 
valley floor was approximately 75 metres wide and composed of fluvial alluvium 
including: clay, sand, silt, and gravel.  
It is well recognised that glaciers occupied the heads of many of the valleys within 
the Lake District during the Younger Dryas, and almost certainly impacted the 
formation and evolution of the valleys (Brown et al., 2011). The presence of 
moraines at the head of the valley, indicate that the catchment of the Swindale 
Beck underwent glacial processes. The glacial processes within the valley may be 
the source for much of the material deposited within the Swindale Beck (Church 
and Ryder, 1972). Evidence for this is that the Swindale Beck meanders through 
the moraines located at the head of the valley potentially transporting material 
from the moraines downstream. Before historical straightening, it is possible the 
channel eroded laterally across the floor of the valley allowing for the glacial 
sediment and debris to be entrained and deposited downstream (Church and 
Ryder, 1972), this could mean that glacial material eroded from the moraines is 
located across the valley floor. 
The river was surrounded by a fragmentary riparian buffer strip, most of which 
was removed to increase the size of the cultivated grazing land, and levees which 
were constructed from channel materials by the landowner to prevent the river 
from meandering and overtopping during flood events. These measures aimed to 
preserve the grazing land and to prevent flooding. Alongside the grazing land was 
several SSSI hay meadows along the banks of the river. Meander scars were 
evident across the floodplain indicating the past natural river channel progression. 
3.1.2 Swindale Beck Historical Straightening 
Approximately 160 years ago, the Swindale Beck underwent straightening; first 
appearing in its straightened form in an 1869 OS map. The landowner reinforced 
the riverbanks with material taken from the channel and created levees to prevent 
overtopping during flood events in order to protect the farmland. Levee 
construction and bank reinforcement subsequently lead to an increase in 
downstream velocity. This, coupled with a lack of channel meandering, led to the 
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formation of a channel with uniform width and depth, and an absence of naturally 
forming riffles, pools, and sandbars. The levees and reinforced banks acted to cut 
off the channel from the surrounding floodplain, denying the transfer of nutrients 
and organic matter from the floodplain (Tockner and Stanford, 2002, Baker and 
Vervier, 2004). During flood events the overtopping of the levees led to floodwater 
being unable to return to the channel instead pooling on the surrounding land, 
becoming stagnant, reducing the agricultural value.  
3.1.3 Restoration Efforts 
Restoration of the upper Swindale Beck began in 2016, with the aim of re-
meandering a section of the river, and the removal of the reinforced banks and 
levees (Figure 3 and Figure 4). Using a detailed topological map, alongside the 
evidence of paleo-channels before the channel was straightened, the Environment 
Agency (EA) designed a more suitable channel. This route, however, went through 
a SSSI hay meadow, which resulted in the heavy machinery only being permitted 
to operate within the footprint of the river in order to mitigate the disturbance to 
the SSSI site. Work began on March 2016, replacing 750 metres of the old channel 
with 890 metres of the realigned meandering channel. In addition, 110 metres of 
channel was created in order to reconnect existing tributaries to the realigned 
channel. The former channel was back filled with the spoil from the realigned 
channel and reseeded with brush from the SSSI site. The bridge which was used to 
provide access to the south side of the channel was removed and was replaced 
with a ford. This was undertaken in order to prevent restrictions to natural channel 
progression and meandering. In 2017, 436 metres of upstream river channel 
underwent the creation of riffle forming structures in the main channel. This 
method is less invasive than digging an entirely new channel, yet still accelerates 
channel morphological change. This river restoration scheme is part of a large 
catchment management plan designed to alleviate flooding and to promote 
ecosystem rehabilitation. These methods would imply that the Swindale Beck 
restoration is primary process-based but uses form-based techniques in order to 
potentially accelerate the restoration process. This technique has been used in 
other restoration schemes to achieve the same effect (Wohl et al., 2015). 
River steering structures were constructed in two locations, between SB2DS and 
INJ1, and at SB3US (Figure 4). The river steering structure at SB3US was made up 
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of boulders removed from the paleo-channels during the river restoration and 
placed along the south riverbank in order to prevent the realigned channel from 
returning to the old channel. The introduction of a steering structure in-between 
SB2DS and INJ1 was in order to prevent the realigned reaches from returning to 
the mature straightened channel. This was composed of wooden railway sleepers 
and boulders taken from the realigned channel. Located on the opposite bank 
were the remains of the old channel which have not been infilled as of 2018. This 
led to the formation of a large pool within the non-realigned channel and meant 
that a study reach could not be located here, as it would have a negative impact 
on the modelling method used in this study. Sapling trees were planted along 
either side of the banks along the SB2 reach during the restoration efforts. This 
was in order to stabilise the banks and to assist draining in this area as surface 
water storage zones were evident along the reach and upon the floodplain.  A river 
inflow point was located along the northern bank just upstream of the SB2 
Injection Point. (In Figure 4 it seems like the injection site was upstream of the 
lateral inflow point but in reality, the injection took place downstream for the 
inflow point).  
15 
 
 
 
 
 
 
 
 
 
Figure 3: Swindale Beck reach extent during 2015 prior to restoration. Note, no restoration efforts had taken 
place in 2015, and thus the reaches had not been delineated. 
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The blue and red lines in Figure 3 and Figure 4 indicate the extent of restoration 
efforts for each year. For this reason, Figure 3 has no blue line during 2015 as no 
restoration work had been undertaken. The proximity of SB2 reach and SB3 reach 
is evident in Figure 5. This was due to a deep pool, located after the SB2 reach, 
which would have attenuated the tracer, leading to an increase travel times which 
would not be appropriate for monitoring. Thus, the reach had to be located 
upstream of the pool whilst maintaining sufficient reach length to allow for 
adequate mixing within the channel.  
Figure 4: The location of the realigned and non-realigned reaches. Note, INJ2 and SB3DS are the same points. 
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3.2 Tracer Injection Methodology 
 
Four study reaches were delineated to represent three realigned reaches and one 
non-realigned reach (Figure 5). The realigned reaches were labelled: SB1, SB2, and 
SB3 whilst the non-realigned reach was labelled SB4. SB3 was identified as 
realigned because the majority of the reach underwent restoration. A small 
upstream section was left non-realigned as this section consisted of small natural 
cascades and rapids formed around very large boulders that would have difficult 
to remove and the rapids provided a unique habitat that was not present in other 
reaches. As this reach was partially realigned it cannot be classified as completely 
non-realigned. Based on the stream reconnaissance handbook (Thorne, 1998), 
and using the Wentworth grain size classification (Wentworth, 1922) a 
Figure 5: Swindale Beck delineated into the SB4, SB3, SB2 and SB1 reach.  
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representative reach survey was conducted on the 16th of September 2016, and 
the 27th of September 2017, to establish reaches appropriate for the scientific 
method. For this experiment, it was decided to use a solute tracer injection to 
measure discharge as described by (Kilpatrick and Cobb, 1985). For each of the 
established reaches, a conservative tracer was created by thoroughly mixing 5Kg 
of NaCl during 2016 and 12.5kg of NaCl during 2017, with 50L of river water to 
achieve a tracer concentration of 100g/L NaCl in 2016 and 250g/L NaCl in 2017. 
The increased mass of NaCl used in 2017 is due to the ideal conductivity of the 
tracer being at approximately 200% above background (Moore, 2005). The NaCl 
tracer was introduced into each reach via a slug injection which was performed 
upstream of the reach that was under investigation.  This study used two PCE-PHD-
1 multifunction pH meters that logged the change in electrical conductivity 
(breakthrough curve) at five-second intervals from the centre of the channel, 
approximately 20m downstream from the injection site. These two sites were 
labelled upstream (US) and downstream (DS) (Figure 5). During the five seconds 
between each reading, the NaCl value could change rapidly, causing the initial rise 
to appear much steeper than it was in reality. In order to lessen this the mean 
average of each value and the subsequent value was calculated for the entire 
dataset. The discharge of both the upstream and downstream of each reach was 
calculated by dividing the mass of NaCl used in the tracer by the area under the 
breakthrough curve (𝑄 = 𝑀/𝐴). 
Where,  
Q -Discharge [m3/s] 
M -Mass of salt tracer [mg] 
A -Area under the breakthrough curve [hr*mg/L] 
 
3.3 Modelling Methodology  
3.3.1 Transient Storage Modelling 
The OTIS and OTIS-P models use solute tracer concentration values in order to 
estimate transient storage parameters rather than electrical conductivity values. 
In this study, as electrical conductivity was measured instead of NaCl 
concentration, a calibration between the NaCl and electrical conductivity was 
determined.  
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This allowed for the electoral conductivity values to be converted into NaCl 
concentrations for use in the OTIS and OTIS-P models. The OTIS and OTIS-P models 
can only function with less than 200 data points, which was substantially less than 
then number logged in this study. In order to accommodate this limitation data 
was systematically removed in order to reduce the number of values without 
impacting the trend of the data. The upstream dataset was input into the OTIS 
model. The model would then attempt to simulate the downstream data set using 
the transient storage parameters approximated for the reach. These parameters 
were adjusted manually until the downstream data set predicted by the OTIS 
model correlated with our observed downstream data (see Appendix). These 
updated transient storage parameters were input into the OTIS-P model (a 
modified version of the OTIS model), which results in improved transient storage 
parameters estimated using a non-linear regression function. The improved 
transient storage parameters were input manually back into the OTIS-P model for 
each subsequent run. This method was continued until the estimated transient 
storage parameters no longer changed, meaning that the OTIS-P model had 
determined the river reach parameters according to our measurements. These 
parameters were used to calculate the seven transient storage metrics used in this 
study. 
3.3.2 OTIS Model Parameters 
The OTIS model uses a pair of differential equations to estimate transient storage 
parameters. 
A) 
𝜕𝐶
𝜕𝑡
= −
𝑄
𝐴
∗
𝜕𝐶
𝜕𝑥
+
1
𝐴
∗
𝜕
𝜕𝑥
(𝐴𝐷 ∗
𝜕𝐶
𝜕𝑥
) +
𝑄𝑙𝑖𝑛
𝐴
∗ (𝐶𝑙𝑖𝑛 − 𝐶) + 𝛼(𝐶𝑠𝑡𝑜𝑟 − 𝐶) 
 
B) 
𝜕∗𝐶𝑠𝑡𝑜𝑟
𝜕𝑡
= 𝛼
𝐴
𝐴2
∗ (𝐶 − 𝐶𝑠𝑡𝑜𝑟) 
Where, 
C -main channel solute concentration [gm-3] 
t -time [s] 
Q -volumetric flow rate [m2s-1] 
A -main channel cross-sectional area [m2] 
X -distance [m] 
D -dispersion coefficient [m2s-1] 
Qlin -lateral inflow rate [m3s-1m-1] 
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Clin -lateral inflow solute concentration [gm-3] 
α -storage zone exchange coefficient [s-1] 
Cstor -storage zone solute concentration [gm-3] 
A2 -storage zone cross-sectional area [m2] 
Equation B is an inverse solution to equation A, using a Crank-Nicolson finite-
difference solution to approximate spatial derivatives. The percentage difference 
between the upstream and downstream breakthrough curves give an indication 
as to whether there is a net increase or decrease of water within the river between 
the upstream and downstream zones. 
3.3.3 OTIS Transient Storage Parameter Estimates 
Initial data for the OTIS model consisted of data collected from the upstream 
monitoring location. This included: the calculated discharge (Q), main channel 
cross-sectional area (A), dispersion coefficient (D). Discharge estimates were made 
using calculations of data from the saline tracer injection. Main channel cross-
sectional area estimates were derived by first calculating the travel time of the 
tracer from the electrical conductivity measurements (this was the time difference 
between the midpoint of the rise of both upstream and downstream saline tracer 
graphs see Figure 6.)  Storage zone exchange coefficient (α) and storage zone 
cross-sectional area (A2) was not needed for the first OTIS run as the first run only 
models advection and dispersion. Thus, α was set to zero and A2 was set to an 
arbitrary value (this value must be set to a value that is not ‘0’, if zero is used the 
model will attempt to divide by zero and fail, however, any other value will not 
affect the model unless the mechanism is enabled). The reach length divided by 
the travel time gave the average velocity of the channel water within the reach. 
The velocity divided by the discharge gives the main channel cross-sectional area. 
Figure 6: The red line shows the time period which was used to calculate cross-sectional area of the channel. 
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The dispersion coefficient was unknown for the first OTIS run and a value of one 
was used in order to provide a starting point. The lateral inflow rate Qlin was left 
as zero due to the lack of inflow indicators within each reach and was not 
measured in the field. This also simplified the model substantially, allowing for 
much faster processing times. 
3.3.4 Transport Simulations 
Using the parameter estimates outlined above and the observed upstream 
breakthrough data, the downstream breakthrough curve was estimated. The 
observed and simulated downstream breakthrough curves are then matched 
using manual adjustment of the parameters. Increasing and decreasing the ‘A’ and 
‘D’ values allowed for the best fit to be obtained of the simulated and observed 
downstream breakthrough curves to be obtained (Appendix). When the simulated 
downstream breakthrough data matched the simulated data, the hydrodynamic 
parameters were used as initial estimates for OTIS-P. OTIS-P determines a set of 
optimised parameter estimates that minimise the squared differences between 
the simulated and the observed breakthrough curves.  This process effectively 
automates the parameter estimation procedure. This allows for more precise 
alteration to be made to the hydrodynamic parameters more rapidly than if it 
were done manually.  
OTIS-P was run in two stages. The first stage involved running the OTIS-P model 
without α and A2 enabled, in order to increase the accuracy of the A and D values. 
The model was more complex, and failure was more likely when α and A2 values 
were enabled as the model was more likely to find false convergence. In turn 
running OTIS-P before enabling α and A2 helps to negate this. The OTIS-P model 
provides estimates of likely values for each enabled transient storage parameter. 
These new values replace the previous transient storage parameters and model is 
re-run. This process was continued until the transient storage parameter 
estimates did not change any further, which identified the calculated transient 
storage parameters for the reach. The accuracy of the parameters was verified, as 
the simulated downstream breakthrough curve should match exactly on to the 
observed downstream breakthrough curve if the parameters correct. The final 
parameters were then used in the calculation of the transient storage metrics. 
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Tests for normality were conducted on the transient storage parameter estimates 
and transient storage metrics using the SPSS software platform in order to 
determine the appropriate statistical test and to determine significant differences 
(Appendix Table 8, and Table 10, respectively). Due to both the transient storage 
parameter estimates and transient storage metrics having a low number of values, 
the Shapiro-Wilk normality output was selected. The normality test for the 
transient storage parameter estimates found the data to be normal, thus, the non-
parametric Mann-Whitney U test was selected to test for statistical significance. 
Concerning the transient storage metrics, two of the transient storage metrics 
were found to be non-normal whereas the remaining transient storage metrics 
were normal. SPSS recommends that in this situation to use a non-parametric test, 
thus a Mann-Whitney U test was selected. 
3.3.5 Transient Storage Metrics 
A total of seven different metrics for transient storage were used for each year of 
study (2016 and 2017) and are described below.  
1) Damköhler number (Dal) 
Wagner and Harvey (1997) developed a method for determining the reliability of 
parameter estimates for tracer modelling studies. This method used the 
dimensionless number called the Damköhler number (Dal) as an indicator of the 
parameter identifiability. The Damköhler number is a ratio of the storage 
exchange rate and the main channel advection rate where the optimal range of 
values is between 0.1 and 10.0 (Harvey and Wagner, 2000).  
𝐷𝑎𝑙 =
𝛼 (1 +
𝐴
𝐴2
) 𝐿
𝑢
 
Where, 
α -storage zone exchange coefficient [s-1] 
A -main channel cross-sectional area [m2] 
A2 -storage zone cross-sectional area [m2] 
L  -reach length [m] 
u  -average stream velocity [ms-1] 
2) 𝐹
200
𝑀𝑒𝑑
   (FMed@200) 
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FMed@200 [%] is the percentage of median transport time due to transient 
storage, this provides a normalized metric allowing for the comparison of transient 
storage between different length reaches, as the length for each reach is 
calculated as if they are 200m long. 
𝐹
200
𝑀𝑒𝑑
= (1 − 𝑒−𝐿
𝛼
𝑢)
𝐴2
𝐴 + 𝐴2
 
Where, 
L -200 metres [m] 
α -storage zone exchange coefficient [s-1] 
u  -stream velocity [ms-1] 
A2 -storage zone cross-sectional area [m2] 
A -main channel cross-sectional area [m2] 
3) Residence time in the transient storage zone (TimeStor) 
Residence time in the transient storage zone [seconds] is the amount of time a 
parcel of stream water spends within the storage zone and was first described by 
Thackston and Schnelle (1970).  
Timestor =
𝐴2
α ∗ A
 
Where, 
α -storage zone exchange coefficient [s-1] 
A2 -storage zone cross-sectional area [m2] 
A -main channel cross-sectional area [m2]  
4) Storage zone turnover length (Ls) 
Storage zone turnover length [metres] is the average length that a stream water 
parcel travels before being exchanged with storage zone. This was first described 
by Harvey et al. (1996). 
𝐿𝑠 =
𝑢
α
 
Where, 
u  - stream velocity [ms-1] 
α -storage zone exchange coefficient [s-1] 
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5) Standardised storage zone area (TranStor) 
Standardised storage zone area [%] is the percentage of the main channel which 
is the storage zone. 
𝑇𝑟𝑎𝑛𝑆𝑡𝑜𝑟 = (𝐴2/𝐴)*100 
Where,  
A2 -storage zone cross-sectional area [m2] 
A -main channel cross-sectional area [m2] 
 
 
6) Storage zone exchange flux (qs) 
Storage zone exchange flux [m3/s/m], describes the water flow rate per unit area, 
i.e. the amount of water that flows through a cross-section of the storage zone per 
second, and was described by Harvey and Wagner (2000), Harvey et al. (1996). 
𝑞𝑠 =  α ∗ A 
Where, 
α -storage zone exchange coefficient [s-1] 
A -main channel cross-sectional area [m2] 
 
 
7) Hydrologic retention factor (Rh) 
Hydrologic retention factor [s/m]. This metric quantifies storage zone resistance 
time of stream/river water per unit of stream reach travelled, and first described 
by Morrice et al. (1997). In effect, this means the storage zone residence time per 
metre of stream reach travelled by surface water before entering the subsurface 
storage zone. This is accomplished by considering the relationship between 
stream transport and the hydrodynamics of the storage zone, thus allowing for 
comparisons of hydrological retentions to be made between separate river 
systems. 
𝑅ℎ =
𝑇𝑖𝑚𝑒𝑆𝑡𝑜𝑟
𝐿𝑠
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Where, 
Timestor -residence time in the transient storage zone [s] 
Ls  -storage zone turnover length [m] 
 
3.4 Geomorphic Unit Analysis 
Aerial photography captured the site of the restoration project during 2016 and 
2017. This was undertaken using a DJI Phantom 4 Professional UAV equipped with 
a 1-inch 20-megapixel complementary metal-oxide-semiconductor image sensor 
(DJI, 2019) to capture images of the study site at an altitude of 50m. Geomorphic 
unit analysis was conducted in order to observe the changes in river morphology 
in the realigned reaches from 2016 to 2017. This analysis was not possible in the 
non-realigned reach as the UAV derived photogrammetry did not encompass the 
SB4 reach during data collection in 2017. Cross-sections of each reach (Figure 12) 
and a long profile all four reaches were digitised (Figure 11). For the long profile 
data collected during 2017 was used for the realigned reaches data collected 
whereas in the non-realigned reaches data collected during 2016 was used. This 
was followed by statistical analysis of geomorphic units (riffles, pools, and 
sandbars), to determine statistical significance using the SPSS software platform. 
The data was verified through a river reach survey (Appendix Table 18), which 
allowed for finer details of the channel to be collected that were not revealed by 
the aerial photography due to resolution limitations, such as: bank characteristics 
bank materials, average bank slope and torsion cracks, bank face vegetation, and 
bank erosion. 
The sampling approach used in the river reach survey involved the use of Section 
C of the stream reconnaissance handbook (Thorne, 1998), and used the 
Wentworth grain size classification (Wentworth, 1922). This section of the 
reconnaissance handbook focuses on the river from and was undertaken in order 
to proof the UAV derived photogrammetry. In this study the left and right bank 
are the true left and true right banks. Sampling was conducted within each reach 
and the information described in the river reach survey describes the average 
characteristics within the reach (Appendix Table 18). 
Aerial photography was analysed using the ESRI ArcGIS software package in order 
to digitise and quantify geomorphic units alongside creating channel cross sections 
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and a long profile of the four study reaches. River cross-sections were calculated 
using the cross-section tool in ArcGIS. Cross-sections were drawn approximately 
25 – 30m long, crossing the river at 90 degrees at the four injection points, four 
upstream monitoring points and four downstream monitoring points (Figure 7). 
The long profile of the Swindale Beck was calculated using the cross-section tool 
in ArcGIS, instead of using this tool in the conventional fashion, a single “cross-
section” was taken along the length of the river (Figure 11).  The riffles, pools, and 
sandbars were digitised manually in ArcGIS and the total area for each geomorphic 
unit was determined for the years 2016 and 2017 including the total area of all 
geomorphic units combined. This data was analysed in SPSS in order to determine 
whether there was any statistically significance between the 2016 data and the 
2017 data. Tests for normality were conducted to select an appropriate 
parametric/non-parametric test to test for significant differences for the area of 
sandbars, pools, and riffles (Appendix, Table 12, Table 13, Table 14, respectively). 
Due to the low number of values, the Shapiro-Wilk output was selected. For the 
sandbars data (Bars), a T-Test was selected as the data was determined to be 
normal, (Appendix Table 15). The pools data (pools) was determined to be non-
normal and thus a Mann-Whitney U test was selected (Appendix Table 16). The 
data for the riffles (riffles) was determined to be normal for the 2016 data but non-
normal for the 2017 data. In this situation SPSS recommends to use a non-
parametric test, so a Mann-Whitney U test was selected, (Appendix Table 17). The 
2017 data for riffles, pools, and sandbars in realigned reaches were compared to 
the 2016 data, and the percentage change was calculated between the two years 
(Table 7). 
4.0  Results 
4.1 OTIS Model Parameters 
Figure 7 illustrates the similarity between the observed breakthrough curves 
collected on site and the simulated data that was predicted by the OTIS-P model. 
This demonstrates the accuracy of the parameters used in the OTIS-P model. It is 
important to note that the SB4 2016 and SB2 2017 graphs (Figure 7) shows the 
furthest deviations from the observed data. This may be explained by low level 
lateral inflows that were not easily visible during reach delineation (Figure 7). The 
closer the fit between the observed data and the simulated data the more 
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confident we can be that the channel parameters describe the channel accurately.  
Table 1 and Table 2 indicate the area under upstream (US) and downstream (DS) 
breakthrough curves that were taken in the field. The positive and negative 
percentage changes indicates lateral inflow and outflow respectively. The 
relatively low levels of lateral inflow and outflow observed permit the omission of 
lateral inflow modelling within the OTIS-P Model. Lateral inflow modelling 
increases the complexity of the model and is not ideal. 
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The difference between the upstream and downstream reaches is evident in Table 
1 and Table 2. When the conductivity results from the salt injection were 
illustrated graphically, the upstream breakthrough curve will have a steep rising 
and falling limb with a high peak concentration. Compared to the downstream 
reach, which will have a shallower rising and falling limb, with a lower peak 
Figure 7: Illustrates the difference between the data collected in the field (Observed) and the data simulated 
by the OTIS model (Simulated). 2016 SB1 and SB2 along with 2017 SB1, and SB4 show the best fit between the 
observed and simulated data. 2016 SB3, and 2017 SB3 have a good fit but it is not as close as the 
aforementioned reaches. 2016 SB4 and 2017 SB2 have the weakest fit between observed and simulated data. 
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concentration (Figure 6). If the percentage change between the area under each 
of the breakthrough curves is low then the majority of the tracer has passed from 
the upstream reach to the downstream reach implying low levels of lateral inflow.  
Table 2: Area under the breakthrough curves (BTC) for the non-realigned reaches for 2016 to 2017 
The calculated discharge was found to be higher in all reaches during 2017 
compared to 2016 (Figure 8). This was due to increased rainfall prior to data 
collection during 2017. The discharge for SB2US during 2017 is 64% higher than in 
2016. This large variation in discharge could be due to lateral inflow within the 
reach (Table 1 and Table 2). However, the other reaches had dispersion values that 
were very similar from 2016 to 2017. 
The variation in calculated OTIS parameters for the realigned and non-realigned 
reaches is displayed as box and whisker plots (Figure 9). It is important to highlight 
that these plots do not illustrate the variation in data appropriately from 2016 to 
Figure 8: Calculated discharge for the upstream and downstream of each reach during 2016 and 2017. It is 
important to note that the graphs starts at SB4 and moves downstream to SB1, this is to allow easier 
comparison to other figures. 
Table 1: Area under the breakthrough curves (BTC) for the realigned reaches for 2016 and 2017 
Reach US area under BTC DS area under BTC Percentage Change
SB4 2016 4.75 5.37 11.59%
SB4 2017 8.05 7.56 -6.47%
Reach US area under BTC DS area under BTC Percentage Change
SB1 2016 2.86 3.13 8.59%
SB1 2017 6.63 6.23 -6.43%
SB2 2016 4.51 5.05 10.82%
SB2 2017 4.90 5.74 14.71%
SB3 2016 3.36 3.30 -1.89%
SB3 2017 7.44 7.14 -4.26%
Restored Reaches
30 
 
2017 due to the limited number of values. Dispersion values (D) were 150  higher 
in non-realigned reaches than that of the realigned reaches (Table 3 and Table 4). 
The values for D during 2017 were higher than the values for 2016 in all reaches 
except SB2, this was most likely due to SB2 being a less than ideal reach during 
2017 due to the presence of deep pools after the injection point and potentially 
with low levels of lateral inflow. These deep pools can attenuate tracer leading to 
inaccurate discharge values. Main channel storage area (A) values were 77% 
higher in realigned reaches than that of non-realigned reaches. SB2 shows the 
largest change between 2016 to 2017, this, like with D, is probably due to deep 
pools forming within the reach between 2016 to 2017. Storage Zone Area (A2) 
values were 79% higher in realigned reaches than that of non-realigned reaches. 
SB3 2016 shows the highest value, being nearly double the second highest value. 
Storage zone exchange coefficient (α) values were on average very similar in 
realigned reaches and non-realigned reaches. All reaches except SB1 experienced 
an increase in α from 2016 to 2017. Velocity (V) values were 30% higher in non-
realigned reaches than that of realigned reaches. Despite having the highest 
gradient (Figure 11), SB3 had the lowest calculated water velocity (Table 3 and 
Table 4). Similarly, despite SB2 having the lowest gradient (Figure 11) the 
calculated velocity was greater than that of SB3, which has a greatest gradient 
(Table 3 and Table 4). This may be caused by the increased hydraulic head 
experienced in the realigned reaches compared to that of the non-realigned 
reaches. 
 
 
 
Reach D [m2s-1] A [m2] A2 [m2] α [s-1] V [ms-1] Q m3/s
SB1 2016 0.002 1.393 0.473 0.007 0.348 0.485
SB1 2017 0.293 1.249 0.566 0.006 0.419 0.524
SB2 2016 0.085 1.616 0.255 0.003 0.267 0.431
SB2 2017 0.002 2.316 0.600 0.005 0.306 0.709
SB3 2016 0.051 2.392 1.052 0.002 0.173 0.414
SB3 2017 0.189 1.661 0.651 0.004 0.281 0.466
Means 0.104 1.771 0.599 0.004 0.299 0.505
Restored Reaches
Table 3: Parameters for the realigned reaches calculated by OTIS-P for 2016 and 2017. D = Longitudinal 
Dispersion, A = Main Channel Area, A2 = Storage Zone Area, α = Exchange Parameter, V = Velocity. The mean 
values aid in identifying values which a greater than average. 
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Parametric tests found no significant difference between calculated OTIS 
parameters for 2016 or 2017 (Appendix, Table 9). Figure 9 illustrates the difference 
in calculated parameters between the realigned and non-realigned reaches in the 
form of box and whisker plots. It is clear in Figure 9 that for each parameter, the 
non-realigned reaches show less range than that of the realigned reaches, this 
would imply less variation in the channel. However, it is clear there are 
significantly less values for the non-realigned reaches which may also be 
influencing this trend. Mean values for dispersion and velocity are higher in in non-
realigned reaches compared to realigned reaches; whereas main channel area, 
storage zone area, and the exchange parameter all show greater mean values for 
the realigned reaches. Only the exchange parameter shows a positive skewness in 
the realigned reaches, whereas the other parameter all have negative skews. The 
skewness of the box and whisker plots (Figure 9) also confirms the lack of 
normality that was found by the parametric tests. 
 
 
 
 
 
 
 
 
 
 
 
Reach D [m2s-1] A [m2] A2 [m2] α [s-1] V [ms-1] Q m3/s
SB4 2016 0.122 0.960 0.245 0.003 0.366 0.351
SB4 2017 0.400 1.038 0.422 0.005 0.416 0.431
Means 0.261 0.999 0.334 0.004 0.391 0.391
Unrestored Reaches
Table 4: Parameters for the non-realigned reaches calculated by OTIS-P for 2016 and 2017. 
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4.2 Transient Storage Metrics 
The Mann-Whitney U test found there was no significant difference between 2016 
and 2017 transient storage metrics (Appendix, Table 11). The Damköhler (Dal) 
values calculated for the four reaches for both 2016 and 2017 indicate that 
adequate mixing took place in the reaches SB1 during 2017, SB3 and SB4 for both 
2016 and 2017. However, the reaches SB1 2016 and SB2 2016 and 2017 did not 
experience adequate mixing as the Dal value was greater than 10 (Table 5). There 
is the possibility that SB1 2016 was less affected by the inadequate mixing than 
SB2 2016 and 2017, due to the similarity with SB3 and SB4 metrics (Table 5 and 
Table 6), whereas SB2 has a much greater variation in metrics.  
FMed@200 indicates that within realigned reaches, transient storage made up on 
average 23.3% of travel time, with a range of 11.9% - 29.6% (Table 5), whereas, 
transient storage in non-realigned reaches made up on average 21.9% of travel 
time with a range 17.1% - 26.8% (Table 5). It is clear that the realigned reaches 
Figure 9: Box and Whisker Plots describing the data displayed in Table 3 and Table 4. 
Key 
Realigned 
 
Non-realigned 
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have a greater average FMed@200 value than the non-realigned reaches 
alongside a larger range of values (Table 5 and Table 6).  
Residence time in storage (TimeStor) was found to be on average 64.4 seconds 
within realigned reaches with a range of 50.1 – 90.8 seconds (Table 5). In the non-
realigned reach the average value was found to be 76.3 seconds, and a range of 
75.8 - 76.7 seconds (Table 6).  Table 5 shows the value for SB3 2016 to be crossed 
out. This was because this value was determined to be an outlier and subsequently 
was removed from the mean calculation.  
Storage zone turnover length (Ls) was found to be on average 72.8 metres within 
realigned reaches with a range of 53.4 – 97.4 metres (Table 5). Whereas non-
realigned reaches experience a much larger average value of 93.6m and a range 
of 78.4 – 108.7 metres (Table 6). The non-realigned reach SB4 2016  has the 
highest storage zone turnover length of 108.7 metres (Table 6), whereas the 
realigned reach SB1 2016  has the shortest with 53.4m (Table 5).  
Standardised storage zone area (TranStor) was found to be on average 34.1% 
within realigned reaches with a range of 15.8% - 45.3% (Table 5). In the non-
realigned reach the average value was found to 33.1% with a range of 25.5% - 
40.7%. The similarity in values may be due to the values for the SB2 reach being 
considerably lower than that of the other realigned reaches. (Table 5 and Table 6).  
Storage zone exchange flux (qs) was found to be 0.007 m3s-1m-1 within realigned 
reaches with a range of 0.004 m3s-1m-1 – 0.012 m3s-1m-1. The non-realigned reach 
was found to have an average value of 0.004 m3s-1m-1 and a range of 0.003 m3s-
1m-1 – 0.006 m3s-1m-1. 
 Hydrologic retention factor (Rh) was found to be 0.97 sm-1 in realigned reaches 
with a range of 0.056 sm-1 – 1.39 sm-1.  Whereas the mean hydrologic retention 
factor for non-realigned reaches is 0.84 sm-1 with a range of 0.67 sm-1 – 0.98 sm-1.  
The value for SB3 2016 was removed from the mean calculation as it uses the 
TimeStor metric in the Rh calculation. 
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Figure 10 illustrates the difference in calculated parameters between the 
realigned and non-realigned reaches in the form of box and whisker plots. All of 
the metrics show a greater range of values in the realigned reaches than the non-
realigned reaches partially due to the larger number of realigned reaches 
compared to the non-realigned reach. Ls and TimeStor are the only metrics where 
the average value is higher in the non-realigned reach compared to the realigned 
reaches. The skew of plots also indicates the lack of normality that was found by 
the parametric tests.  
 
 
 
 
 
 
 
 
Reach Dal Fmed@200 [%] TimeStor [s] Ls [m] TranStor [%] qs [m3s-1m-1] Rh [sm-1]
SB1 2016 11.534 24.729 52.028 53.401 33.919 0.009 0.974
SB1 2017 7.543 29.651 71.670 66.328 45.307 0.008 1.081
SB2 2016 12.347 11.891 57.623 97.381 15.795 0.004 0.592
SB2 2017 13.475 19.882 50.050 59.134 25.915 0.012 0.846
SB3 2016 3.657 26.764 243.672 95.768 43.986 0.004 2.544
SB3 2017 5.837 26.843 90.807 65.120 39.175 0.007 1.394
Means 9.066 23.294 64.436 72.855 34.016 0.007 0.977
Restored Metrics
Table 5: Metrics used in this study to quantify transient storage in the Realigned Reaches. Dal = Damköhler 
Number, FMed@200 = Median Travel Time due to Storage in a 200m Reach, TimeStor = Residence Time in 
Storage, Ls = Storage zone Turnover Length, TranStor = Transient Storage %, qs = Storage Zone Exchange Flux, 
Rh = Hydrologic Retention Factor. The SB3 2016 TimeStor reading was removed due to being an outlier. Due 
to Rh being calculated using TimeStor, this metric was also omitted from the mean calculation (in this table it 
has been crossed out for transparency).  
Table 6: Metrics used in this study to quantify transient storage in the non-realigned reaches 
Reach Dal Fmed@200 [%] TimeStor [s] Ls [m] TranStor [%] qs [m3s-1m-1] Rh [sm-1]
SB4 2016 4.841 17.104 75.847 108.698 25.523 0.003 0.698
SB4 2017 4.717 26.663 76.765 78.429 40.689 0.006 0.979
Means 4.779 21.883 76.306 93.563 33.106 0.004 0.838
Unrestored Metrics
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4.3 Geomorphic Unit Analysis  
UAV derived photogrammetry from 2016 and 2017 was analysed using the ArcGIS 
software to develop cross sections of each reach, planform elevation, and to 
quantify the area of geomorphic units in realigned reaches. This analysis was 
proofed by undertaking a reach survey for each of the four reaches. This survey 
was  based on the stream reconnaissance handbook (Thorne, 1998) and used the 
Wentworth grain size classification (Wentworth, 1922). This can be seen in Table 
Key 
Realigned 
 
Non-realigned 
 
Figure 10: Box and whisker Plots to visualise the data displayed in Table 5 and Table 6. Note the lack of data 
from SB3 2016 TimeStor and Rh due to being considered anomalous.  
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18 within the Appendix. This analysis indicates that there was a greater number of 
riffles sandbars, and pools in the realigned reaches during 2017 compared to 2016 
(Table 7). This finding was expected, as restoration had provided realigned with a 
wider river planform and variation in terms of meanders and river depth (Table 
18), facilitating conditions needed for the formation and growth of bars, riffles and 
sand bars. The greater overall area of each geomorphic unit is a good indicator of 
the river returning to its natural dynamic equilibrium (Woolsey et al., 2007).  
However, only the larger area for the sandbars was calculated to be statically 
significant while the larger area for the pools and riffles was not statically 
significant.  
The variation in average bank slope angle is evident in Table 18 with the non-
realigned reach SB4 having the steepest average bank slope angle (90 Degrees) 
when compared the realigned reaches SB1, SB2, and SB3. This was due to the bank 
reinforcement that was in place to prevent lateral erosion. This meant that there 
was less erosion within this reach and this is clear in Table 18. The SB2 left bank 
was also very steep at 90 Degrees; this was potentially caused by this area being 
most active in terms of erosion (Table 18). The river reach survey highlighted that 
the realigned reaches show signs of localised mild erosion (Table 18), whereas, the 
non-realigned reaches did not due to the reinforced banks. The main erosive 
processes found within the realigned reaches were parallel flow with some small-
localised impinging flow caused by larger riffles. This increase in parallel flow and 
lack of bank reinforcement has led to the formation of a much wider lateral extent 
in the realigned reaches as opposed to the non-realigned reaches. The vegetation 
was similar across all four reaches, with the exception being the trees planted at 
the SB3 reach to stabilise the bank and to alleviate the pooling of surface water 
(Table 18). The banks of the Swindale Beck consists of a cohesive mixture of silt 
and clay with the non-realigned reaches and some sections of the realigned 
reaches being reinforced with boulders from the channel (Table 18). In the case of 
the SB3 reach, this was to prevent the river from returning to the pre-realigned 
channel. Each of the reaches have very similar bank face vegetation consisting 
mainly of grass with the SB3 reach also containing riparian vegetation.  
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Figure 11 shows the downstream change in elevation along the study reaches in 
the Swindale Beck. Tree cover, which extended across the channel at the upper 
section of the SB3 reach, meant that the elevation was recorded as 5-10 metres 
higher than surrounding river elevation and was removed. The gap that was left is 
clear in Figure 11 at around 300 metres. The troughs located in the SB3 reach after 
SB2 and before SB1 was due to a deep pool in the river. The change in gradient is 
greatest in the non-realigned reaches SB4 and SB3, with SB2 having the lowest 
gradient.  
 
 
 
 
 
 
 
 
Figure 12 illustrates the cross-sections that were calculated at the injection site 
(INJ) the upstream monitoring site (US) and the downstream monitoring site (DS) 
for each reach studied of the Swindale Beck. It is clear that the non-realigned reach 
SB4 has much steeper banks and a much narrower channel bed than the realigned 
reaches. This call is also evident in the River Reach Survey (Table 18). The cross-
section of the SB4 reach clearly illustrates the uniform channel in addition to the 
levees built by the landowner. The average width of the channel at bank full 
increases from SB1 to SB4, with SB1 reaches being the widest and SB4 being the 
thinnest. The average depth at bankfull for all four reaches was found to be 
between 1.0 metres and 1.5 metres with an average of 1.1 metres. The depth of 
the river at bankfull was similar across all reaches except SB2, which was 25% 
lower than the average of 1.1 metres. The depth measurement was taken at 
bankfull, this was because the UAV photogrammetry was unable to detect the 
Figure 11: Downstream Elevation graph of the Swindale Beck. The grey areas are areas of the Swindale Beck 
that were not located within the study reaches. The gap at the start of the SB3 reach can be clearly seen and 
is caused by the deletion of inaccurate elevation data caused by tree cover.  
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height of the water within the channel due the limitations of UAV sensor not being 
water penetrating (Williams et al., 2014). Figure 12 shows the decrease in riverbed 
elevation by the decreasing minimum height of the channel in each cross-section 
from upstream to downstream (SB4 to SB1). The reach with the lowest slope in 
Figure 11 was SB3, this can be easily seen in Figure 12 when comparing the 
elevation of the riverbed at SB2US and SB2DS.  
262.5
263.0
263.5
264.0
264.5
0 5 10 15 20 25
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB1DS Cross Section
263.0
263.5
264.0
264.5
265.0
0 5 10 15 20 25
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB1US Cross Section
263.5
264.0
264.5
265.0
265.5
0 5 10 15 20 25
H
ei
gh
t 
(m
)
Horizontal Distance (m)
INJ1 Cross Section
264.0
264.5
265.0
265.5
266.0
0 5 10 15 20 25
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB2DS Cross Section
264.0
264.5
265.0
265.5
266.0
266.5
0 5 10 15 20 25 30
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB2US Cross Section
264.5
265.0
265.5
266.0
266.5
267.0
0 5 10 15 20 25 30
H
ei
gh
t 
(m
)
Horizontal Distance (m)
INJ2 Cross Section
264.5
265.0
265.5
266.0
266.5
267.0
0 5 10 15 20 25 30
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB3DS Cross Section
265.0
265.5
266.0
266.5
267.0
267.5
268.0
0 5 10 15 20
H
ei
gh
t 
(m
)
Horizontal Distance (m)
SB3US Cross Section
39 
 
 
Figure 12: Representative cross-sections of each of the sample locations. Note that SB3DS and INJ2 are 
nearly identical due to being located at the same location. 
Data collected from digitising geomorphological features such as, riffles, pools, 
and sandbars in ArcGIS shows that there is a greater area for all three features, 
27%, 39% and 15% respectively in 2017 than in 2016 (Table 7). These features 
were selected as they are recommended by Thorne (1998). In addition, they are 
easy to identify from the drone images and thus can be straightforwardly digitised. 
 
There was a statistically significant change (p = < 0.01) in the area of sandbars 
(1268.53m2 to 1506.37m2) in the Swindale Beck from 2016 to 2017.The was no 
statistically significant change (p = > 0.01) in the size of riffles (350.77m2 to 
481.29m2 ) and in pools (158.97m2 to 262.81m2) in the Swindale Beck from 2016 
to 2017. Unfortunately, only the realigned reaches SB1, SB2, and SB3 are included, 
as the UAV derived photogrammetry did not encompass the SB4 reach during data 
collection in 2017.  
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Year Riffles Area [m2] Pools Area [m2] Sandbars Area [m2] Total Area [m2]
2016 350.77 158.97 1268.53 1778.27
2017 481.29 262.81 1506.37 2250.47
26.55%
Geomorphic Unit Analysis (Restored Reaches Only)
Percentage 
Increase [%]
37.21% 65.32% 18.75%
Table 7: Table showing the change in area for riffles, pools, and sandbars. The table also displays the 
percentage change since the previous year. Pools area shows the greatest overall change at 39.51% whereas 
sandbars shows the smallest change of 15.79 
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5.0 Discussion 
5.1 Spatial and Temporal Patterns in Transient Storage 
5.1.1 Damköhler Number 
The realigned reaches SB2 and SB3, both experienced a higher Damköhler number 
during 2017 compared to 2016. Whereas, the realigned reach, SB1, and the non-
realigned reach, SB4, experienced a lower Damköhler number in 2017 compared 
to 2016. The average Damköhler number is highest in realigned reaches, being 
89% larger than that of the non-realigned reaches. The higher Damköhler number 
implies that the tracer in the realigned reaches underwent less effective mixing 
than that of tracer in the non-realigned reaches. This is most likely due to the 
boulder steps that are present within the non-realigned reaches which would aid 
in mixing due to the increased downwelling and subsequent water turbulence. 
This contrasts with the realigned reaches, which although having vastly more 
geomorphological features (riffles, pools, and sandbars), do not have any features 
which are as effective at mixing as the boulder steps located in the non-realigned 
reach. Despite the higher Damköhler value found in the realigned reaches, the 
values found in this study were close to the ideal range proposed by Harvey and 
Wagner (2000), indicating that the reach lengths were acceptable for the OTIS 
Model, and that this study is confident in the calculated parameter estimates. 
However, the study by Knust and Warwick (2009)  calculated the Damköhler 
number to be above 1000, indicating significant uncertainties in their parameter 
estimates. Wagner and Harvey (1997) suggest that this is due to the reach being 
too long and the majority of the tracer is exchanged with the storage zone before 
the sampling location.  
5.1.2 FMed@200 
FMed@200 is the fraction of the median reach travel time due to storage. In 
effect, this metric is the percentage of the median travel time due to the 
temporary retention of water in transient storage zones. This metric allows for 
effective comparisons between reaches of different lengths as the length of the 
reach is standardized to 200 metres during the metric calculation. In this study, it 
is clear that FMed@200 is slightly higher in 2017 than in 2016 in all reaches, with 
the average value for the realigned reaches being 6% larger than the average for 
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the non-realigned reaches. This would imply that the influence of transient storage 
on travel time is very similar in both realigned and non-realigned reaches.  
SB2 shows the lowest FMed@200 values within realigned reaches, indicating a low 
median travel time due to transient storage. This could potentially indicate a lower 
magnitude of transient storage compared to the other reaches and may be caused 
by the low slope of the reach impeding hydraulic head gradients, and 
subsequently, subsurface transient storage (Figure 11). It was discovered while 
calculating the OTIS parameters for the SB2 reach, that the discharge for this reach 
during 2017 was higher than expected. This was suspected to be caused by a large 
pool downstream of the injection site, potentially acting as a storage zone for the 
tracer. However, this value was not anomalous enough to be considered an 
outlier. This uncertainty is evident in the breakthrough curve for SB2 2017 as the 
simulated breakthrough curve is lower than the observed breakthrough curve. It 
is clear that the FMed@200 percentage was higher in every reach during 2017 
compared to 2016. The greatest percentage change occurred in the realigned 
reach SB2, which experienced a value 67% greater during 2017 than found during 
2016. 
FMed@200 has been found to decrease as water velocity increases (Runkel, 2002, 
Stofleth et al., 2008, Marttila et al., 2018). Conversely, Roberts et al. (2007) found 
that in realigned reaches FMed@200 increased with water velocity. Mason et al. 
(2012) also found similar results with restoration increasing residence time within 
the channel; this was attributed to a decrease in channel slope and an increase in 
pools. Bukaveckas (2007) discovered that FMed@200 was 50% greater in 
realigned reaches than non-realigned reaches; this was attributed to a decreased 
velocity and an increase in the meandering channel length. In this study, 
FMed@200 percentage was higher in every reach during 2017 compared to 2016; 
the two reaches that saw the largest change in FMed@200 from 2016 to 2017 
were SB4 and SB2. The two reaches with the lowest change in FMed@200 from 
2016 to 2017 were SB3 and SB1. Within the realigned reaches, the reaches with 
the lowest slope (SB1 and SB2) experienced a much greater change in FMed@200 
from 2016 to 2017. The realigned reach with the highest slope (SB3) saw the 
smallest change in FMed@200 from 2016 to 2017. The potential relationship 
between the slope of the reach and FMed@200 Is similar to that explained by 
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Mason et al. (2012) who attributed increases in FMed@200  to be linked to an 
increased slope angle. Kupilas (2017) observed that realigned reaches experienced 
lower velocity and an increase in FMed@200 compared to non-realigned reaches. 
It was suggested that this was caused by the increase in morphological features 
including islands and macrophyte patches. In this study, realigned reaches have a 
lower average velocity but only have a slightly lower average FMed@200 value. 
Mueller Price et al. (2016) found that FMed@200 was lower in reaches with lower 
discharges. This study found that reaches with the greatest increase in FMed@200 
also had the lowest change in discharge from 2016 to 2017. This implies that 
reaches where the discharge did not vary greatly from 2016 to 2017, experienced 
an increase in the average amount of time water spends within the storage zone.  
5.1.3 Residence Time in the Transient Storage Zone (TimeStor) 
Residence time in storage (TimeStor) initially indicated a shorter residence time 
within the transient storage zones of non-realigned reaches compared to 
realigned reaches. However, this was due to the anomalous value calculated for 
the SB3 reach which was removed, leading to a lower average TimeStor value in 
realigned reaches. This was believed to be caused by an unusually large main 
channel storage area being calculated by the OTIS-P model within the SB3 reach 
during 2016, which was not observed in subsequent years. Removing SB3 2016 
TimeStor value from the mean calculation alters the mean value from a 24% higher 
average value in realigned reaches, to a 30% lower average value in realigned 
reaches. Implying that the solute was spending less time in the storage zone within 
the realigned reaches.  
The SB1 reach shows the largest increase in TimeStor values from 2016 to 2017 
compared the non-realigned reach SB4, which only showed a small increase in 
TimeStor values during the same period. Despite being realigned at the same time 
as the SB1 reach, the SB2 reach shows a lower value for the residence time within 
the storage zone during 2017 than during 2016. This lower residence time in 
storage was due to the OTIS-P model calculating a greater main channel storage 
area during 2017 compared to 2016, resulting in a lower residence time in storage 
value. The lower average residence time spent by water within the storage zone 
is less in the realigned reaches in comparison to the non-realigned reaches. This 
suggests that exchange is taking place more rapidly within the realigned reaches. 
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Becker et al. (2013) and Bukaveckas (2007) observed lower residence time in 
storage in realigned reaches compared to non-realigned reaches. This was linked 
to the heavy machinery, which worked within the dry realigned river channel. The 
led to the compaction of the channel bed and reduced the presence of hyporheic 
flowpaths within the subsurface, causing a reduction in residence time.  
5.1.4 Storage Zone Turnover Length (Ls) 
Storage zone turnover length (Ls) describes the distance that water travels within 
the storage zone. Results from this study indicate that the distance that water 
travelled within the storage zone was 22% less within the realigned reaches in 
comparison to the non-realigned reaches. Implying that exchange within the 
storage zone of realigned reaches is occurring more frequently than within the 
storage zone of the non-realigned reaches. Furthermore, this suggests that the 
storage zone of the realigned reaches may be dominated by rapidly exchanging 
surface storage as opposed to the much slower subsurface storage present in the 
non-realigned reaches. 
5.1.5 Standardised Storage Zone Area (TranStor) 
The standardised storage zone area (TranStor) was 3% larger in the realigned 
reaches in contrast to the non-realigned reaches. Only the realigned reach, SB1, 
experienced a lower TranStor value during 2017 than during 2016. This implies 
that the overall percentage area of the channel, that is storage zone, did not vary 
greatly from 2016 to 2017. 
5.1.7 Storage Zone Exchange Flux (qs) 
The storage zone exchange flux (qs) was 71% larger in realigned reaches compared 
to non-realigned reaches. SB1 was the only reach that showed a lower value for 
qs during 2017 compared to 2016. This was due to the OTIS-P model calculating a 
lower value for the ‘main channel storage area’ for SB1 2017, which led to a 
greater storage zone exchange flux value for the SB1 reach. The results suggest 
that more water was travelling through the storage zone per unit area. This data 
can be interpreted that there was a higher exchange rate between surface water 
and the storage zone within realigned reaches.  
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5.1.8 Hydrologic Retention Factor (Rh) 
The hydrologic retention factor (Rh) was 16% higher in realigned reaches 
compared to the non-realigned reach. This would imply that water is spending 
more time within the surface per metre of the reach before entering the storage 
zone. Further suggesting that water is travelling a shorter distance, exchanging 
more rapidly and spending a shorter amount of time within the with the storage 
zone within the realigned reaches. 
5.2 Summary of Metrics 
The transient storage metrics used in this study indicate fundamental differences 
in the transient storage mechanisms that govern realigned and non-realigned 
reaches. The lower residence time in storage (TimeStor) in realigned reaches 
indicated that water spent less time within the storage zone compared to the non-
realigned reach. The greater storage zone exchange flux (qs) indicated that more 
water flowed through the storage zone per unit area within the realigned reaches 
compared to the non-realigned reach. This constitutes to a higher exchange rate 
between the channel and the storage zone. The lower storage zone turnover 
length (Ls) value indicated that the distance that water travelled within the storage 
zone was less within the realigned reaches in comparison to the non-realigned 
reach. The greater hydrologic retention factor (Rh) within realigned reaches shows 
that the channel water was spending longer within the surface waters of the 
channel before being exchanged with the storage zone. This would suggest that 
the realigned reaches were dominated by rapidly exchanging surface transient 
storage with much less surface-subsurface interaction than that of the non-
realigned reaches. The prevalence of surface storage was likely caused by 
decreased hydraulic head gradients in realigned reaches further due to a lack of 
irregularity within the channel. This subsequently led to reduced hyporheic flow 
and reduced subsurface storage (Harvey and Bencala, 1993, Wörman et al., 2002, 
Ensign and Doyle, 2005, Wondzell, 2006, Mason et al., 2012, Weigelhofer, 2017, 
Ward et al., 2018). The reduction in the slope of the realigned reaches may have 
also contributed to a decrease in hydraulic head (Mason et al., 2012).  
Several other studies have also used a solute tracer injection to determine the 
impact of river restoration on transient storage. Bukaveckas (2007) used a 
transient storage model to quantify the effects of channel restoration on transient 
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storage. The restoration efforts included: reconnecting the previously canalised 
channel to its floodplain, reintroducing channel meanders, and pool and riffle 
features to provide a variety of flow conditions within the channel. The study 
described an overall increase in median travel times (FMed@200) within the 
realigned reaches compared to the previously non-realigned channel. This was 
attributed to the increase in the length of the meandering channel and the 
decrease in velocity.  
Conversely, a study by Becker et al. (2013) exemplified an overall increase in 
median travel times (FMed@200) within the non-realigned reaches. This contrasts 
the findings of this research where median travel times (FMed@200) were similar 
in both realigned and non-realigned reaches. The results of this study 
demonstrated evidence similar to Becker et al. (2013), where the OTIS model was 
used to quantify the impacts of channel restoration on transient storage using a 
conservative tracer. However, the methodology conducted by Becker et al. (2013) 
differed from that used by Bukaveckas (2007) as the former focused on the use of 
river steering structures to reduce erosion and facilitate pool formation instead of 
decreasing the slope of the channel. The study by Becker et al. (2013) found a 
lower value for storage zone turnover length (Ls) and residence time within the 
storage zone (TimeStor) within realigned reaches; alongside an increase in the 
storage zone exchange flux (qs), and hydrologic retention factor (Rh). This was 
further interpreted that the realigned reaches were dominated by fast in-channel 
surface storage, whereas, the non-realigned reaches were characterised by much 
slower exchange. These results and interpretations were profoundly similar to this 
study. The comparative results of Bukaveckas (2007) and Becker et al. (2013) were 
described explained by the use of river steering structures within the channel by 
the latter study. These river steering structures were described to be very similar 
in characteristics to river drop structures (Figure 13a), inducing downwelling into 
the subsurface and producing eddy currents (Becker et al., 2013). However, 
compaction from heavy machinery acted to reduce the surface-subsurface 
interaction caused by the downwelling (Figure 13b). 
Rana et al. (2017) used a solute tracer in conjunction with the OTIS and OTIS-P 
models to quantify transport parameters (the model parameters used in this 
study) but did not calculate metrics of transient storage. The study found that 
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transient storage increased with increasing numbers of channel structures but also 
found a decrease in the transient storage exchange rate. This was attributed to 
slow moving hydrostatically driven subsurface storage being induced behind the 
channel structures. This contrasts with the results of this study which found rapidly 
exchanging surface storage due to a lack of channel structures. 
5.3 Conceptual Model of Transient Storage  
Figure 13a illustrates the processes that were hypothesised to be occurring at the 
boulder steps within the non-realigned reach, SB4. The hydraulic gradient across 
the boulder step forces the water upstream of the step into the hyporheic zone 
and drives water from the hyporheic zone into the water column where it travels 
to the topographic low of the bed form causing an area of upwelling (Figure 13a; 
(Harvey and Bencala, 1993, Wondzell and Swanson, 1999, Boulton, 2007). Surface 
water that passes into the hyporheic zone will provide the hyporheic zone with 
both nutrients and dissolved oxygen from the water column (McLachlan et al., 
1990), enabling biological and geochemical processes to take place. However, not 
all of the water will be able to travel through the channel bed and some will be 
deflected laterally; this leads to the formation of an eddy current at the base of 
the boulder step. The prevalence of eddy currents in the non-realigned reach is 
potentially the reason for better mixing and the subsequent lower Damköhler 
values found within the non-realigned reach compared to the realigned reaches 
(Table 5 and Table 6). The combination of eddy currents, areas of downwelling, 
and subsequent subsurface flowpaths may attribute to the 22% shorter storage 
zone length (Ls) in realigned reaches. This would imply that the subsurface 
flowpaths within the non-realigned reach were greater in length than the surface 
storage zones within the realigned reaches. Figure 13b illustrates how within the 
realigned reaches, the lack of channel structures and subsequent lack of localised 
hydraulic gradients led to a decrease in surface-subsurface interactions. The 16% 
greater hydrologic retention factor value (Rh) in the realigned reaches implied that 
water within the channel was travelling further per metre before being exchanged 
with the storage zone. This may be due to the decrease in surface-subsurface 
interactions within the realigned reaches by the marginally higher median travel 
times due to storage (FMed@200) caused by an increase in meandering channel 
length (Figure 15). Decreased surface-subsurface interactions within the realigned 
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reaches may have also been caused by the compaction of the channel bed and the 
subsequent pore space clogging by the use of heavy machinery within the channel 
during restoration, further limiting vertical connectivity (Figure 13b) (Wörman et 
al., 2002, Mason et al., 2012, Weigelhofer, 2017). Moreover, this could result in a 
decrease in the number of surface-subsurface pathways (which can be seen by the 
smaller subsurface flow arrow in Figure 13b compared to Figure 13a), causing the 
channel water to travel further before entering the storage zone (Rh). Bukaveckas 
(2007) and Becker et al. (2013) also referred to this phenomenon occurring during 
their studies. The lack of channel irregularities to induce downwelling, and the 
compaction of the channel bed, implies that the storage zone within the realigned 
reaches consists primarily of surface storage that was exchanging rapidly with the 
water column (qs) and, thus, spending less time within the storage zone 
(Timestor). The lack of subsurface flowpaths and the greater mean travel times 
due to storage (FMed@200) meant that water had to travel further before 
entering the storage zone (Rh), suggesting that the realigned reaches were 
dominated by rapidly exchanging surface storage.  
 
Figure 13: Longitudinal conceptual model illustrating the impact of streambed topology on subsurface flow 
and hyporheic exchange. Image A is the non-realigned reach, SB4, containing boulder steps. Image B is the 
realigned reaches SB1, SB2, and SB3, which lack such structures. The boulder steps lead to increased surface-
subsurface exchange within the non-realigned reaches, which was less prevalent within the realigned reaches. 
The thickness of the arrows represents magnitude of flow. The solid arrow represents surface channel flow, 
whereas, the dotted arrow represents subsurface flow. The orange arrow indicates areas of upwelling. 
There is the possibility that the restriction of surface-subsurface flowpaths may 
not be exclusively caused by the compaction of the riverbed. Pore space clogging 
potentially caused by clay and other small particulates may lead to a decrease in 
surface-subsurface interactions (Kasahara and Hill, 2006, Packman and MacKay, 
2003). (Packman and MacKay, 2003). Packman and MacKay (2003) found that 
even small amounts of clay were enough to cause significant clogging of the 
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riverbed. Another potential cause for decrease surface-subsurface flowpaths may 
be the presence of a layer of clay below the bed of the channel, inhibiting the 
movement of water thought it. Boulder clay is a typical glacial deposit and given 
that the valley most likely experienced glacial processes during the Younger Dryas, 
the formation and deposition of boulder clay is possible (Brown et al., 2011). A 
further potential cause for the decreased surface-subsurface interactions could be 
caused by the bedrock of the valley being located close to the bed of the channel 
inhibiting the flow of water downwards. These potential causes of the low surface-
subsurface interaction should be further examined in future studies within the 
Swindale Beck.  
The greater number of riffles and sandbars (Table 7) within the realigned channel 
could potentially lead to an increased number of surface-subsurface interactions. 
Similarly to the boulder steps (Figure 13), the riffles (Figure 14a) and the sandbars 
(Figure 14b) form a hydraulic gradient. However, due to the smaller elevation 
change the hydraulic gradient would be less than that found across the boulder 
steps. The hydraulic gradient forces water through the riffles and sandbars where 
it travels to the topographic low, forming an area of upwelling, and provides a 
localised concentrated surface-subsurface interaction (Figure 14a) (Endreny et al., 
2011, Gariglio et al., 2013). Because riffles and sandbars are present within the 
realigned reaches, this would imply that the reaches do not only consist of surface 
transient storage, but do in fact contain low levels of subsurface transient storage. 
However, the magnitude of surface-subsurface exchange caused by sandbars and 
riffles would be less than that produced by the boulder steps. This was evident by 
the hydrologic retention factor (Rh), as water within the realigned channel takes 
16% longer to enter the storage zone per metre of channel. Potentially, less water 
could travel into the subsurface because the riffles and sandbars are less effective 
at inducing surface-subsurface interactions than the boulder steps (Hester and 
Doyle, 2008, Gariglio et al., 2013). One of the biggest difference between riffles 
and sandbars is the grainsize and pore spaces. The smaller grainsize of the sand 
(Figure 14b), compared to the cobbles and boulders in the riffle (Figure 14a), 
decrease the magnitude of surface-subsurface interaction due to the restriction a 
smaller grainsize has on fluvial flow (Findlay, 1995, Packman and Salehin, 2003, 
Boulton et al., 2010). The fact that sandbars do not span the entire channel also 
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decreases the magnitude of surface-subsurface interaction (Hester and Doyle, 
2008). This process is similar to the downwelling process in Figure 13 but on a 
much smaller scale. The larger grain sizes of the pebbles, compared to the sand, 
cause a greater disruption of flow leading to increased pressure variations and to 
increased surface-subsurface interactions (Elliott and Brooks, 1997, Cardenas et 
al., 2004). The 22% lower storage zone length (Ls), alongside the 30% lower 
residence time within the storage zone (TimeStor) in realigned reaches, may be 
partially influenced by the magnitude of surface-subsurface interaction induced 
by the riffles and sandbars, which is lower than that induced by the boulder steps. 
The overall result could lead to a smaller length of the storage zone and a reduced 
residence time in storage within the realigned reaches.  
 
Figure 14: Longitudinal conceptual model illustrating the impact of riffle (A) and Sandbar (B) on subsurface 
flow and hyporheic exchange. The grey ovals represent pebbles/cobbles/boulders with large pore spaces 
within the riffle. The yellow background of the sandbar represents the sand with very small pore spaces. The 
solid arrow represents surface channel flow whereas the dotted arrow represents subsurface flow. Like Fig 12, 
the thickness of the arrows represent the magnitude of flow. 
The greater mean travel times due to storage (FMed@200) in realigned reaches 
was potentially caused by the increase in length of the meandering channel and 
the decrease in velocity in realigned reaches. The increase in meandering channel 
length may cause lateral exchange of surface water through saturated sediments 
(Figure 15), (Findlay, 1995). This process would be more prevelent in reaches with 
higher hydraulic head gradients, allowing the water to pass more easily through 
the pore spaces in the meander neck (Boano et al., 2006). Increased meander 
length and decreased width of the meader neck increases the amount of water 
passing laterally through the meander (Boano et al., 2006). In the case of the 
Swindale Beck, the non-realigned reach (Figure 15a) contains few meanders 
alongside the reinforced banks preventing the lateral movement of water into the 
50 
 
subsurface. In contrast, the lack of bank reinforcement and the mulititude of 
meanders within the realigned reaches (Figure 15b) allows for lateral surface-
subsurface interaction to occur. The fact that the realigned meanders were 
constructed with heavy machinery would affect the rate at which lateral surface-
subsurface exchange occurs until the compacted surfaces are eroded and pore 
spaces are reopened. This speculated to be the the reason why the realigned 
reaches are surface storage dominated despite having an increase in the number 
of meanders and the removal of the reinforced banks (Figure 15). Despite the 
increase in channel length, the storage zone length (Ls) was lower in realigned 
reaches. This would imply that the length of the subsurface flowpaths and 
subsequent storage zones within the non-realigned reach are greater in length 
than the surface storage zones found in the realigned reaches. The larger storage 
zone exchange flux (qs) within realigned reaches implies that despite being shorter 
in length, the storage zones are larger in volume within the realigned reach. More 
water per unit area would be able to travel through storage zones per second in 
realigned reaches than the storage zones located within the non-realigned reach, 
because discharges within both realigned and non-realigned reaches are similar. 
 
Figure 15: Planform conceptual model illustrating the impact of channel meandering on lateral surface-
subsurface exchange. Image A is the non-realigned reach SB4 containing few meanders. Image B is the 
realigned reaches SB1, SB2, and SB3, which contain multiple meanders. 
Figure 13 and Figure 14 illustrate some of the variations in surface-subsurface 
interactions within the realigned and non-realigned reaches. Surface-subsurface 
interaction found within the non-realigned reaches is driven by the downwelling 
from the boulder steps, driving water into the subsurface. Within the realigned 
reaches much less surface-subsurface interaction is occurring due to the 
compacted channel bed and the geomorphic features only inducing small-
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localised areas of surface-subsurface interaction. Figure 16 illustrates the 
magnitude of surface-subsurface interactions within both the realigned and non-
realigned reaches. Figure 16a illustrates the non-realigned reach, with the 
majority of surface-subsurface interaction (orange arrows) being caused by the 
boulder steps. The non-realigned reach also contains reinforced banks, which limit 
the access of the channel to the floodplain (green arrows), as well as preventing 
lateral surface-subsurface exchange (Figure 15), and natural channel progression. 
This is in contrast to the realigned channel (Figure 16b), where the reinforced 
banks have been removed, allowing the channel access to the floodplain, and 
facilitating lateral channel progression (green arrows) (Findlay, 1995). The 
reconnection of the channel to the floodplain, in addition to providing nutrients 
and organic matter, will increase the quantity of boulders and woody debris within 
the channel post flood event (Bukaveckas, 2007), thus increasing surface-
subsurface interactions by facilitating the formation of hydraulic gradients (Figure 
13). The formation of riffles, sandbars, and pools, will also induce surface-
subsurface exchange (Kasahara and Wondzell, 2003). However, as illustrated in 
Figure 16, and as shown by the metrics used in this study, these geomorphic 
features will not be as effective at inducing surface-subsurface interactions than 
the boulder steps located within the non-realigned reach (Hester and Doyle, 2008, 
Gariglio et al., 2013). The higher Damköhler number within the non-realigned 
reach implies that the boulder steps are more effective at mixing channel water 
than the geomorphic units present within the realigned reaches. Pools within the 
realigned reaches do not have the increased hydraulic head gradients caused by 
the boulder steps, suggesting that the pools and boulder steps are a driver for 
surface-subsurface interactions, whereas, the pools located in the realigned reach 
are surface storage zones, with much less surface subsurface interaction. The 
surface-subsurface interaction induced by the riffles is larger than that induced by 
the sandbars due to the larger grain sizes found within the riffles creating an 
increased hydraulic gradient.  
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5.4 Implications for River Restoration 
This research demonstrates how the restoration of a channel can affect surface-
subsurface interactions. The metrics used in this study, in conjunction with the 
conceptual models, indicate that the restoration processes undertaken on the 
Swindale Beck led to the realigned reaches becoming a surface storage dominated 
system. This research has shed light on three key aspects which this study would 
advise to be considered in future river restoration schemes: riverbed/bank 
compaction, bank removal, and maximising surface-subsurface interactions. 
This research has revealed that one of the key reasons that the realigned reaches 
are heavily dominated by surface transient storage is because of the compaction 
of the riverbed and riverbanks by heavy machinery during restoration (Figure 13 
and Figure 16). This potentially led to a decrease in the number of surface-
subsurface flowpaths as pore spaces were closed and this led to an increase in the 
distance that water travelled before entering the storage zone (Rh). Additionally, 
this further resulted in surface storage zones becoming dominant within the 
realigned reaches, as water exchanged rapidly with the surface storage zone (qs) 
and less time spent within the storage zone (Timestor). A similar effect was also 
believed to have occurred during the removal of the reinforced banks which 
limited lateral surface-subsurface exchange and channel meandering. The metrics 
used in this study demonstrate that a potential decrease of pathways into the 
subsurface may lead to a reduction in the amount of water entering the hyporheic 
Figure 16: Planform conceptual model illustrating the impact of removing reinforced banks and allowing the 
channel to meander. Image A is the non-realigned reach SB4 containing boulder steps. Image B is the realigned 
reaches SB1, SB2, and SB3 containing more geomorphic units. The orange arrows indicate the surface-
subsurface caused by each geomorphic feature. The green arrows illustrate the connectivity of the reach to 
the flood plain (bigger arrows means greater connectivity). 
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zone (Rh, TimeStor), potentially leading to a decrease in exposure time of water 
with biogeochemically active surfaces within the storage zone. Further resulting 
in a decline in biogeochemical transformations (Bencala et al., 1984, Constantz, 
1998, Harvey and Fuller, 1998, Duff and Triska, 1990, Hill et al., 1998, Jones Jr et 
al., 1995, McMahon and Böhlke, 1996). Few studies have looked at the effect of 
channel bed compaction and the underlying effect present on surface-subsurface 
interaction within realigned rivers and river restoration schemes. This study 
advises that the compaction of the riverbed/banks and the subsequent blocking 
of pore spaces and flowpaths should be minimised in order to ensure surface-
subsurface interaction occurs within the realigned reaches. 
The reconnection of a river to its floodplain was highlighted by Palmer et al. (2005) 
as one of the key natural river processes that must be undertaken in order for river 
restoration to be considered successful. River floodplains are very active 
biogeochemically (Tockner and Stanford, 2002, Baker and Vervier, 2004) and are 
second only to estuaries in terms of productivity and ecosystem services (Costanza 
et al., 1997). The removal of restrictions potentially has the largest effect on 
restoration, as it facilitates the progression of the channel back to a state of 
dynamic equilibrium, as unimpeded access to the floodplain will potentially 
provide the realigned channel with a source of nutrients, organic matter, and 
channel debris. Floodplain reconnection would help to alleviate the potential 
decrease of nutrients caused by the overall lower residence time with the storage 
zone (TimeStor) and greater in hydrologic retention factor (Rh) in realigned 
reaches. Realigned access to the floodplain will also have the effect of improved 
flood attenuation within the realigned reach (Sholtes and Doyle, 2010), minimising 
the effect of flooding further downstream. Furthermore, reconnection would also 
minimise the peak magnitude of flood events and decrease flood wave velocity 
within realigned reaches (Anderson et al., 2006, Dixon et al., 2016). Channel 
reconnection to the floodplain in conjunction to the introduction of riparian 
vegetation, will provide both a source of debris to the floodplain and river channel 
(Pess et al., 2005, Bukaveckas, 2007). The removal of the reinforced banks will also 
allow the channel to incise laterally as erosion would be able to occur upon the 
unprotected river banks. Potentially, this would lead to a more morphologically 
dynamic channel without compacted river banks or bed, leading to an increase in 
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surface-subsurface-interactions. However, the increase in riparian vegetation may 
reduce the erosive capacity of the channel upon the banks, potentially leading to 
increased erosion within the centre of the channel (Liu et al., 2017), negatively 
impacting the effect of restoration efforts.  
This research would argue that the subsequent conceptual model has highlighted 
that re-establishing surface-subsurface interaction is of paramount importance 
with regards to successful channel restoration. The conceptual model (Figure 13 
and Figure 16) indicates that the boulder steps facilitate the majority of the 
surface-subsurface interactions within the non-realigned reach. Whereas, within 
the realigned reach, riffles, sandbars, and pools facilitate the majority of surface-
subsurface interactions (Figure 14 and Figure 16). The areas of downwelling and 
subsequent surface-subsurface interactions within the realigned reach were less 
significant than those found within the non-realigned reach. Areas of downwelling 
and transient storage have been linked to spawning locations of 
macroinvertebrates due to the constant temperatures and high levels of dissolved 
oxygen within the water (Findlay, 1995, Baxter and Hauer, 2000, Geist, 2000, 
Kondolf et al., 2008). Although not the focus of this study, the literature 
highlighted the importance of surface-subsurface interaction on riverine 
ecosystem health and subsequent ecosystem recovery (Findlay, 1995, Jones Jr et 
al., 1995, Riley and Fausch, 1995, Abbe and Montgomery, 1996, Brunke and 
Gonser, 1997, Hall et al., 2002, Bukaveckas, 2007, Baldigo et al., 2008, Miller et al., 
2010, Argerich et al., 2011). However, the decrease of surface-subsurface 
interactions within realigned reaches could potentially lead to a decrease in 
nutrient cycling as less water being able to enter the subsurface and react with 
biogeochemically active surfaces (Bencala et al., 1984, Constantz, 1998, Harvey 
and Fuller, 1998, Duff and Triska, 1990, Hill et al., 1998, Jones Jr et al., 1995, 
McMahon and Böhlke, 1996). The important role of hydraulic gradients in 
facilitating the formation surface-subsurface interactions was emphasised in this 
study (Figure 13, Figure 14, and Figure 16). Hydraulic gradients could be induced 
with the introduction of in-channel debris such as woody debris or boulders within 
the channel (Gippel, 1995, Wörman et al., 2002, Binns, 2004, Kasahara and Hill, 
2006, Mason et al., 2012, Wenzel et al., 2014, Weigelhofer, 2017), or by the 
formation of gravel beds within the river. These features would induce 
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downwelling similar to that illustrated in Figure 13 (Kurth et al., 2015). However, 
the removal of the reinforced banks and the subsequent floodplain reconnection 
could allow this process to occur naturally. Due to the lack of restriction, during 
flood events the channel would potentially be able to enter the floodplain to 
transport material into the channel, thus creating hydraulic gradients, and 
beginning the recovery of the surface-subsurface interactions within the realigned 
reaches. Thus, realigned reaches will potentially regain surface-subsurface 
interactions with given time as natural channel processes are now able to occur as 
man-made channel restrictions have been removed. Most significantly this 
research only describes the changes in transient storage from 2016-2017 and may 
not be indicative of long-term change. 
6.0 Conclusions 
The conclusions of this study are as follows: 
1. Transient storage is understood to be an important metric to consider for 
ecosystem health. However, further research is required focusing on the 
impact that river restoration projects have on transient storage. This 
project highlighted the effectiveness of transient storage in determining 
the impact of river restoration schemes and supports recommendations 
into how river restoration could be implemented in the future. 
2. This project used a conservative salt tracer and modelling approach to 
successfully quantify transient storage within realigned and non-realigned 
reaches of the Swindale Beck. The metrics of this study indicate that 
realigned reaches had a smaller storage zone length (Ls), a lower residence 
time within the storage zone (TimeStor), and a greater rate of exchange 
between the channel and storage zone (Rh) compared to the non-
realigned reach. This heavily implies that reaches that underwent 
restoration became dominated by rapidly exchanging surface based 
transient storage as opposed to the non-realigned reach, which was 
dominated by subsurface transient storage. 
3. The proposed conceptual model (Figure 13a), developed in this study 
demonstrates the effect restoration had on surface-subsurface 
interactions within the realigned reaches. From the conceptual model, it is 
evident that surface-subsurface interactions were induced by hydraulic 
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gradients forming across channel obstructions, which are not present in 
the realigned reaches. 
4. The proposed conceptual model (Figure 13b), suggests that the 
compaction of the channel bed and riverbanks, due to restoration within 
realigned reaches of the Swindale Beck, may have decreased the number 
of surface-subsurface flowpaths. This potentially could have led to the 
lowered storage zone turnover length, storage zone residence time, and 
the higher in storage zone exchange flux and hydrologic retention factor 
within realigned reaches. The lack of surface-subsurface interactions 
within the realigned reaches may lead to a loss in habitat, spawning 
grounds, and a decrease in the subsurface reactions, subsequently leading 
to a decrease in channel productivity and recovery. 
5. The removal of bank reinforcement (Figure 16) within realigned reaches 
during restoration will potentially allow the channel access to the 
biogeochemcially active floodplain, and allow for lateral incision to occur. 
Floodplain access will also provide a source of nutrients, organic matter, 
and debris to the channel (woody debris and boulders). The increase in 
nutrients and organic matter may partially alleviate the effect that the 
decrease in surface-subsurface interactions had on biogeochemical 
cycling. The debris may facilitate in the recovery of surface-subsurface 
interactions within realigned reaches by inducing hydraulic gradients and 
areas of downwelling, providing habitat and enabling subsurface 
biogeochemical process to be realigned. 
6. Of the three key aspects highlighted in this study that must be taken into 
consideration during river restoration, it is the removal of channel 
restrictions which is the most important to consider. This is because the 
removal of channel restrictions allow for natural river progression, erosion 
of the compacted banks and channel bed, and most significantly, the 
reintroduction of surface-subsurface interactions through the transport 
and deposition of floodplain debris.  
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9.0 Appendix  
In order to match the observed and simulated breakthrough curves onto each 
other, the channel parameters must be manually changed within the OTIS 
model. Increasing the dispersion coefficient (D) would lower the maximum point 
of the estimated breakthrough, while decreasing D would increase the maximum 
point. Increasing the main channel cross-sectional area parameter (A) moves the 
maximum point of the simulated curve to the right while decreasing A moves the 
maximum point to the left.  
 
 
 
 
 
 
Test Statistics for OTIS Parameters 2016 and 
2017 
  D A A2 Alpha V 
Mann-
Whitney 
U 
3.000 8.000 5.000 4.000 4.000 
Sig. 0.149 1.000 0.386 0.248 0.248 
Table 9:  There is no significant difference between the OTIS parameters 2016 and 2017. 
Tests of Normality for OTIS 
Metrics 2016 and 2017 
  
Shapiro-Wilk 
Statistic df Sig. 
Dal 0.885 9 0.175 
F200med 0.923 9 0.414 
TimeStor 0.595 9 0.000 
TranStor 0.946 9 0.645 
Ls 0.917 9 0.369 
qs 0.953 9 0.718 
Rh 0.749 9 0.005 
Table 10: Table showing results of tests for normality. Sig values above 0.005 are normal and values below 
are non-normal, indicating TimeStor and Rh metrics are non-normal whereas the other metrics or normal. 
 
Tests of Normality for OTIS 
Parameters 2016 and 2017 
  
Shapiro-Wilk 
Statistic df Sig. 
D 0.903 8 0.310 
A 0.904 8 0.316 
A2 0.908 8 0.341 
𝛼 0.949 8 0.700 
V 0.948 8 0.686 
Table 8: Sig. value is greater than 0.05, so the data is normal 
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Test Statistics for OTIS Metrics 2016 and 2017 
  Dal Fmed@200 TimeStor Ls TranStor qs Rh 
Mann-
Whitney 
U 
7.000 3.000 8.000 4.000 4.000 3.000 5.000 
Asymp. 
Sig.  
0.773 0.149 1.000 0.248 0.248 0.149 0.386 
Table 11: There is no significant difference between the OTIS metrics 2016 and 2017. 
 
Tests of Normality 
  
Shapiro-Wilk 
Statistic 
Degrees 
of 
Freedom Sig. 
Bars Area (2016) 
0.903 19 0.055 
Bars Area (2017) 
0.907 19 0.066 
Table 12: Sig. value is greater than 0.05, so the data is normal 
Tests of Normality 
  
Shapiro-Wilk 
Statistic 
Degrees 
of 
Freedom 
Sig. 
Pools Area (2016) 
0.818 9 0.032 
Pools Area (2017) 
0.688 9 0.001 
Table 13: Sig. value is smaller than 0.05, so the data is non-normal. 
Tests of Normality 
  
Shapiro-Wilk 
Statistic 
Degrees 
of 
Freedom 
Sig. 
Riffles Area 
(2016) 
0.825 10 0.029 
Riffles Area 
(2017) 
0.937 10 0.524 
Table 14: Sig. value is smaller than 0.05 for the 2016 data, but it is greater for the 2017 data. The 2016 data 
is normal whereas the 2017 data is non-normal. 
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T Test 
  
T Statistic 
Degrees 
of 
Freedom 
Sig.  
Mean 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Bars Area 
(2016) 
7.22 18 0.000001 66.76 47.33 86.20 
Bars Area 
(2017) 
5.65 19 0.000019 75.32 47.40 103.24 
Table 15: There was a significant increase in the area of bars (1256m2 to 1506m2) in reaches from 2016 to 
2017. 
 
Mann-Whitney U 
  
Pools 
Area 
Mann-Whitney U 61.000 
Sig. 0.926 
Table 16: There was no significant increase in the area of pools (158m2 to 262m2) in reaches from 2016 to 
2017. However since the Sig Value is close to 0.05 it is possible that error will overlap with this 0.05 threshold 
Mann-Whitney U 
  
Riffles 
Area 
Mann-Whitney U 45.000 
Sig.  0.346 
Table 17: There was no significant increase in the area of riffles (350m2 to 481m2) in reaches from 2016 to 
2017. 
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SB1 Right 
Bank
SB1 Left 
Bank
SB2 Right 
Bank
SB2 Left 
Bank
SB3 Right Bank SB3 Left Bank
SB4 Right 
Bank SB4 Left Bank
Type Composite Cohesive Cohesive Cohesive Composite Cohesive Cohesive Composite
Bank 
Materials 
Silt/Clay/Sa
nd/ Cobbles
Silt/Clay/San
d
Silt/Clay Silt/Clay
Silt/Clay/Sand/Cob
bles/Boulders
Silt/Clay Silt/Clay
Silt/Clay/Sand/Cob
bles/Boulders
Average Bank 
Height
1m 1m 0.7m 0.7m 1.5m 1m 1m 1m
Average Bank 
Slope Angle
60 Degrees 45 Degrees 90 Degrees 30 Degrees 25 Degrees 20 Degrees 90 Degrees 90 Degrees
Vegetation
Grass and 
Flora
Grass and 
Flora
Grass and 
Flora
Grass, Flora 
and Reeds
Grass and Flora, 
Trees
Grass and Flora, 
Saplings
Grass and 
Flora
Grass and Flora
Tree Types None None None None Deciduous Deciduous None None
Vegetation 
Density
Dense 
Continuous
Dense 
Continuous
Dense 
Continuous
Dense 
Continous
Dense Continuous, 
Sparse Trees
Dense Continuous, 
Sparse Trees
Dense 
Continuous
Dense Continuous
Vegetation 
Location
Upper Bank Upper Bank Upper Bank
Upper, Mid, 
Lower Bank
Upper Bank Upper Bank Upper Bank Upper Bank
Vegetation 
Height
Short Short Medium Short Medium Medium Medium Medium
Erosion 
Location
Outside 
Meander
Inside 
Meander
General General Outside Meander Inside Meander General General
Present 
Status
Eroding 
(Dormant)
Eroding 
(Dormant)
Eroding 
(Active)
No Erosion 
(Intact)
Eroding (Dormant) No Erosion (Intact)
No Erosion 
(Intact)
No Erosion (Intact)
Severity Mild Insignificant Insignificant Insignificant Significant Insignificant Insignificant Insignificant
Extent Local Local Local None General Local None None
Processes
Paralell 
Flow
Parallel 
Flow
Parallel 
Flow
Parallel 
Flow
Parallel and 
Impinging Flow
Parallel Flow
Parallel 
Flow
Parallel Flow
River Reach Survey
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s
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Table 18: 2018 River reach survey (conducted in 2018) based on the stream reconnaissance handbook 
(Thorne, 1998). The left bank is true left and the right bank is true right. 
